






























































































%VR	 	 	 Percentage	of	Velocity	Regained	
ANOVA	 	 Analysis	of	Variance	
C100	 	 	 Conventional	Stroke	100-yard	sprint	pace	
CFD		 	 	 Computation	Fluid	Dynamics	
CI	 	 	 Confidence	Interval	
DU1	 	 	 Late	Kick	
DU2	 	 	 Delayed	Late	Kick	
LED	 	 	 Light-Emitting	Diode	
MKF	 	 	 Maximal	Knee	Flexion	Angle	
NCAA	 	 	 National	Collegiate	Athletic	Association	
PAV	 	 	 Maximum	Hip	Velocity	Generated	by	the	Arms		
PLV	 	 	 Maximum	Hip	Velocity	Generated	by	the	Legs		
SD	 	 	 Standard	Deviation	
SPSS	 	 	 Statistical	Package	for	the	Social	Sciences	
TCK	 	 	 Time	to	Complete	Kick	




















• Three high-speed digital cameras (Baumer Model HXG with CMOS sensors), 
installed in custom housings (The Sexton Company, Salem, Oregon). 		
• All 3 housings were attached to custom-designed mounting frames and positioned 




• Camera 1 was used for recording the frontal, or head-on view, of the subject’s 
progress and was mounted on a vertically oriented frame.  The camera was 
positioned at a depth of 0.48 meters (1.57 feet).    	
• Camera 2 was mounted on a horizontal platform that rested on the bottom of the 
pool at a depth of 2.13 meters (7 feet).  The camera was aligned vertically, i.e. 
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pointing upwards to the surface and provided a transverse view of the subject’s 
progress. 		
• Camera 3 was mounted on a laterally positioned frame that was bolted to the 
concrete deck of the pool.  The camera was positioned at a depth of 0.48 meters 
(1.57 feet), similar to the depth of Camera 1.  The lateral orientation of Camera 3 
provided the data for the progress of the subject in the longitudinal plane of 
motion.  	
• The	distance	the	subject	was	required	to	cover	in	each	trial	varied	between	11.89	and	13.71	meters	(39	to	45	feet).		This	distance	was	determined	by	placing	the	camera	that	was	used	for	recording	the	frontal,	or	head-on	view	of	the	subject	at	a	distance	of	13.71	meters	(45	feet)	yards	from	the	side	of	the	pool	from	which	the	subject	was	required	to	push-off	at	the	start	of	each	trial.		Subjects	were	instructed	to	swim	directly	towards	this	camera,	approaching	it	as	close	as	possible	without	colliding	with	the	camera.					
• The	cameras	were	controlled	via	dual	9.14	meter-long		(30	feet)	Gigabit	(GigE)	Ethernet	cables connected to a desktop computer located on the pool 
deck.  Each camera had two cables - one cable was assigned to camera control 
and another cable was used for frame synchronization.  Unlike the limitations 
relating to maximum functional lengths inherent when using Firewire cabling, 
GigE cabling does not have a length restriction, which allowed for optimum 
placement of the underwater cameras in the pool.  	
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• Rotational joint segments were identified using a custom-designed string of light 
emitting diodes (LED’s), housed in waterproof housings.  The LED’s were duct 
taped to the body and powered by a battery pack attached to a belt worn by the 
subject at the waist.  		
• Templo (Contemplas, Kempten, Germany) motion capture software was used for 
capturing and recording the video data.  		
• A second software package, Motus, (Contemplas, Kempten, Germany), was used 
for digitizing, data analysis, and generating “reports”.  This software included a 
“Multi 2-D” (M2-D) feature, which enabled multiple cameras to be synchronized.  
Each sequence was digitized using a combination of auto-tracking and manual 
modes. 		
• IBM Statistical Package for the Social Sciences (SPSS) version 23 was used to 

















Results	Subjects	in	this	study	were	n=9	NCAA	Division	I	swimmers.		Anthropometric	data	collected	for	these	subjects	included:	age,	height,	weight,	body	mass	index,	and	wingspan.		The	data	is	displayed	in	table	1.																										Table	1.		Anthropometric	measurements.		Variable	 Mean	 SD	Age,	years	 20.67	 1.32	Height,	in.		 70.34	 3.81	Weight,	lb.		 158.34	 16.96	Body	mass	index,	kg/m2	 22.49	 1.56	Wingspan,	in.	 71.11	 5.73	SD=Standard	Deviation		 Following	the	statistical	analysis	of	their	trials,	the	means,	standard	deviations,	and	95%	confidence	intervals	for	all	variables	were	calculated	and	are	reported	in	table	2.		Also	calculated	in	table	2	are	pairwise	comparisons	of	data	to	demonstrate	significance	between	the	three	different	kick	techniques	for	each	dependent	variable.
	 xix	
																																			Table	2.		Comparison	of	Breaststroke	Biomechanics	with	Different	Kick	Techniques.		
Measure	 C100	 DU1	 DU2	Mean	±	SD	 CI	 p-	value	 Mean	±	SD	 CI	 p-	value	 Mean	±SD	 CI	 p-	value	DU1	 DU2	 C100	 DU2	 C100	 DU1	%	VDO	 91.2	±	4.9	 91.3	±	3.8	 0.02	 0.01	 86.8	±	5.0	 86.8	±	3.8	 0.02	 0.03	 82.5	±	5.2	 82.5	±	4.0	 0.01	 0.03	%VR	 91.1	±	11.8	 91.1	±	9.1	 0.02	 0.01	 96.3	±	11.6	 96.4	±	9.0	 0.02	 0.39	 97.3	±	10.2	 97.3	±	7.9	 0.01	 0.39	MKF,	O	 36.1	±	5.1	 36.1	±	4.0	 0.22	 0.03	 33.7	±	6.8	 33.7	±	5.2	 0.22	 0.03	 31.6	±	6.1	 31.6	±	4.7	 0.03	 0.03	PAV,	m/s	 2.2	±	0.5	 2.2	±	0.4	 0.10	 0.06	 1.9	±	0.3	 2.0	±	0.3	 0.10	 0.23	 1.9	±	0.4	 1.9	±	0.4	 0.06	 0.23	PLV,	m/s	 2.0	±	0.4	 2.0	±	0.3	 0.42	 0.27	 1.9	±	0.3	 1.9	±	0.3	 0.42	 0.43	 1.8	±	0.4	 1.8	±	0.3	 0.27	 0.43	TCK,	s	 0.6	±	0.1	 0.7	±	0.1	 0.02	 0.05	 0.7	±	0.1	 0.7	±	0.1	 0.02	 0.36	 0.7	±	0.1	 0.7	±	0.1	 0.05	 0.36	%	VDO=	Percentage	Velocity	Drop-off;	%VR=Percentage	of	Velocity	Regained;	MKF=Maximum	Knee	Flexion	Angle;	PAV=Peak	Hip	Velocity	Generated	by	the	Arms;	PLV=Peak	Hip	Velocity	Generated	by	the	Legs;	TCK=Time	to	Complete	Kick;	C100=Conventional	Stroke	100-yd	sprint	pace;	DU1=Late	Kick;	DU2=Delayed	Late	Kick;	SD=Standard	Deviation;	CI=Confidence	Interval			
Comparative	Significant	Differences	When	comparing	“Conventional	Stroke”	and	the	“Late	Kick,”	significant	differences	were	seen	in	the	following	parameters:	a) Time	taken	to	complete	kick.	b) Percentage	of	hip	velocity	drop-off.	c) Percentage	of	velocity	regained.					
	 xx	




























































































Delimitations	1. Subjects	in	this	study	were	9	healthy	swimmers	(4	male	and	5	female),	with	a	primary	stroke	focus	of	either	Breaststroke	or	Individual	Medley.			All	subjects	were	members	of	an	NCAA	Division	I	Varsity	Swim	Team.		This	subject	pool	was	selected	to	ensure	similar	levels	of	competitive	experience.		2. Measuring	hip	velocity	helped	to	ensure	the	most	accurate	velocity	measurements	were	recorded	during	the	swim	trials.		3. Each	subject	was	considered	their	own	control;	each	of	their	trials	were	only	compared	against	their	current	stroke	technique.		4. Variables	were	measured	against	the	subject’s	own	data	points;	data	from	each	subject	were	then	compared	to	each	other.				


























































































• Three high-speed digital cameras (Baumer Model HXG with CMOS sensors), 
installed in custom housings (The Sexton Company, Salem, Oregon). 		
• All 3 housings were attached to custom-designed mounting frames and positioned 
so as to provide the three required fields of view (Figure 1). 
 
						Figure	1.		Synchronized	frames	of	the	three	camera	angles	used	to	film	swimming	trials.				
• Camera 1 was used for recording the frontal, or head-on view, of the subject’s 
progress and was mounted on a vertically oriented frame.  The camera was 
positioned at a depth of 0.48 meters (1.57 feet).    	
• Camera 2 was mounted on a horizontal platform that rested on the bottom of the 
pool at a depth of 2.13 meters (7 feet).  The camera was aligned vertically, i.e. 
pointing upwards to the surface and provided a transverse view of the subject’s 
progress. 		
• Camera 3 was mounted on a laterally positioned frame that was bolted to the 
concrete deck of the pool.  The camera was positioned at a depth of 0.48 meters 
(1.57 feet), similar to the depth of Camera 1.  The lateral orientation of Camera 3 





• The	cameras	were	controlled	via	dual	9.14	meter-long		(30	feet)	Gigabit	(GigE)	Ethernet	cables connected to a desktop computer located on the pool 
deck.  Each camera had two cables - one cable was assigned to camera control 
and another cable was used for frame synchronization.  Unlike the limitations 
relating to maximum functional lengths inherent when using Firewire cabling, 
GigE cabling does not have a length restriction, which allowed for optimum 
placement of the underwater cameras in the pool.  	
• Rotational joint segments were identified using a custom-designed string of light 
emitting diodes (LED’s), housed in waterproof housings.  The LED’s were duct 
taped to the body and powered by a battery pack attached to a belt worn by the 
subject at the waist.  		
• Templo (Contemplas, Kempten, Germany) motion capture software was used for 
capturing and recording the video data.  		
• A second software package, Motus, (Contemplas, Kempten, Germany), was used 
for digitizing, data analysis, and generating “reports”.  This software included a 
“Multi 2-D” (M2-D) feature, which enabled multiple cameras to be synchronized.  
Each sequence was digitized using a combination of auto-tracking and manual 
modes. 		
• IBM Statistical Package for the Social Sciences (SPSS) version 23 was used to 












Results	Subjects	in	this	study	were	n=9	NCAA	Division	I	swimmers.		Anthropometric	data	collected	for	these	subjects	included:	age,	height,	weight,	body	mass	index,	and	wingspan.		The	data	is	displayed	in	table	1.																										Table	1.		Anthropometric	measurements.		Variable	 Mean	 SD	Age,	years	 20.67	 1.32	Height,	in.		 70.34	 3.81	Weight,	lb.		 158.34	 16.96	Body	mass	index,	kg/m2	 22.49	 1.56	Wingspan,	in.	 71.11	 5.73	SD=Standard	Deviation			 Following	the	statistical	analysis	of	their	trials,	the	means,	standard	deviations,	and	95%	confidence	intervals	for	all	variables	were	calculated	and	are	reported	in	table	2.		Also	calculated	in	table	2	are	pairwise	comparisons	of	data	to	demonstrate	significance	between	the	three	different	kick	techniques	for	each	dependent	variable.				
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																																			Table	2.		Comparison	of	Breaststroke	Biomechanics	with	Different	Kick	Techniques.		
Measure	 C100	 DU1	 DU2	Mean	±	SD	 CI	 p-	value	 Mean	±	SD	 CI	 p-	value	 Mean	±SD	 CI	 p-	value	DU1	 DU2	 C100	 DU2	 C100	 DU1	%	VDO	 91.2	±	4.9	 91.3	±	3.8	 0.02	 0.01	 86.8	±	5.0	 86.8	±	3.8	 0.02	 0.03	 82.5	±	5.2	 82.5	±	4.0	 0.01	 0.03	%VR	 91.1	±	11.8	 91.1	±	9.1	 0.02	 0.01	 96.3	±	11.6	 96.4	±	9.0	 0.02	 0.39	 97.3	±	10.2	 97.3	±	7.9	 0.01	 0.39	MKF,	O	 36.1	±	5.1	 36.1	±	4.0	 0.22	 0.03	 33.7	±	6.8	 33.7	±	5.2	 0.22	 0.03	 31.6	±	6.1	 31.6	±	4.7	 0.03	 0.03	PAV,	m/s	 2.2	±	0.5	 2.2	±	0.4	 0.10	 0.06	 1.9	±	0.3	 2.0	±	0.3	 0.10	 0.23	 1.9	±	0.4	 1.9	±	0.4	 0.06	 0.23	PLV,	m/s	 2.0	±	0.4	 2.0	±	0.3	 0.42	 0.27	 1.9	±	0.3	 1.9	±	0.3	 0.42	 0.43	 1.8	±	0.4	 1.8	±	0.3	 0.27	 0.43	TCK,	s	 0.6	±	0.1	 0.7	±	0.1	 0.02	 0.05	 0.7	±	0.1	 0.7	±	0.1	 0.02	 0.36	 0.7	±	0.1	 0.7	±	0.1	 0.05	 0.36	%	VDO=	Percentage	Velocity	Drop-off;	%VR=Percentage	of	Velocity	Regained;	MKF=Maximum	Knee	Flexion	Angle;	PAV=Peak	Hip	Velocity	Generated	by	the	Arms;	PLV=Peak	Hip	Velocity	Generated	by	the	Legs;	TCK=Time	to	Complete	Kick;	C100=Conventional	Stroke	100-yd	sprint	pace;	DU1=Late	Kick;	DU2=Delayed	Late	Kick;	SD=Standard	Deviation;	CI=Confidence	Interval			




































University of Hawai‘i 
Consent to Participate in Research Project: 
 
Kinematic Analysis of Peak Velocities in the Breaststroke as a Function of the Timing of the Kick 
 
My name is Susan Ward. I am a graduate student at the University of Hawai‘i at Mānoa 
in the Department of Kinesiology. I am doing a research project as a requirement for earning my 
graduate degree. The purpose of my project is to evaluate the effectiveness of different stroke 
timing variations in the kick for Breaststroke swimming. I am asking you to participate because 
of your participation as a Breaststroke specialist on the U.H. swim team between the 2017 and 
2018 intercollegiate swimming seasons. 
 
Activities and Time Commitment: I am asking for your permission to use video filming to 
record and analyze your Breaststroke technique. This research will require a one-session 
commitment of approximately 1.5-2 hours. You will be one of nine people who will be filmed 
and analyzed for this study. I will measure your wingspan before the start of the session, as well 
as height and weight (if not known). LED lights will then be fixed to the fingers, wrist, elbows, 
shoulders, and hips with duct tape to hold the markers in place in the water. You will then be 
filmed while swimming 12 Breaststroke trials with different technique variations. Filmed will be 
analyzed to measure changes of velocity within one stroke cycle to determine stroke efficiency. 
You will be contacted to review your individual results upon the completion of their analysis if 
you wish to review them. Your film may be used, as video or as still photos taken from the video, 
to present the results of this research study. 
 
Potential Risks/Benefits: Potential risks of the study include all the risks involved with 
swimming – fatigue, cramping, and drowning. To ensure the participants’ safety, they will be 
allowed as much time as they need to rest between trials, there will be a lifeguard present during 
filming, and filming will be performed in the shallow end of the pool, where the participants will 
be able to touch the bottom of the pool while having their heads out of the water. Another 
potential risk is feeling discomfort from having the LED lights taped on – as the lights are taped 
on, the swimmers will be asked to perform the motions of their normal technique to help the 
researcher affix the lights in a manner that will allow the swimmer to perform the trials with 
comfortable swimming technique. The swimmers will be allowed to swim a few trials as warm-
up trials to become accustomed to the feel of swimming with the lights on their body. If the lights 
become uncomfortable while performing the trials, the researcher will be available to re-tape the 
lights in a more comfortable position before continuing on with the study. Potential benefits of 
the study include the possibility of definitively discovering at which point in the Breaststroke 
cycle a swimmer should begin their kick in order to perform with the greatest amount of stroke 
efficiency – which in turn would lead to faster performances. Though this study offers no direct 
benefit to the swimmer, indirectly they may also be able to increase the efficiency of their stroke. 
 
Privacy and Confidentiality: I will keep all information in a safe place on a password-protected 
computer in a locked office. Only my University of Hawai‘i advisor and I will have access to the 
information. Other agencies that have legal permission have the right to review research records. 
The University of Hawai‘i Human Studies Program has the right to review research records for 
this study. When I report the results of my research project, I will not use your name. I will not 
use any other personal identifying information that can identify you, unless you give your 
consent. If you choose to give consent to use your film (video/still picture) when the research is 
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published you can designate that on this form. If you do not consent to have your film used, you 
will not be included in the study. I will report my findings in a way that protects your privacy and 
confidentiality to the extent allowed by law. 
 
Voluntary Participation: Your participation in this project is completely voluntary.  You may 
stop participating at any time. If you stop being in the study, there will be no penalty or loss to 
you. 
 
If you agree to participate in this project, please sign and date this signature page and return it to: 
Susan Ward, Principal Investigator at: [susan37@hawaii.edu, 910-585-1098] 
 
 
An Independent Institutional Review Board (IRB) has approved this voluntary consent form and 
study. You may contact the UH Human Studies Program at (808) 956-5007 or uhirb@hawaii.edu 
to discuss problems, concerns and questions; obtain information; or offer input with an informed 
individual who is unaffiliated with the specific research protocol.  Please visit 
https://www.hawaii.edu/researchcompliance/information-research-participants for more 




I have read and understand the information provided to me about being in the research project, 
Kinematic Analysis of Peak Velocities in the Breaststroke as a Function of the Timing of the Kick 
My signature below indicates that I agree to participate in this research project. 
 
Printed name:  ______________________________ 
Signature:  _________________________________  
Date:   ______________________________ 
My signature below indicates that I agree to allow use of my film when 
publishing research. (No names will be disclosed). 
Signature: __________________________________ 
You will be given a copy of this consent form for your records.	
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